The production of cancer by pure hydrocarbons. VI A series o f e ig h t 5-alk y l d e riv a tiv e s o f 1 :2 -b e n z a n th ra c e n e (m eth y l, e th y l, p ro p y l, isop ro p y l, b u ty l, am y l, h ex y l, h e p ty l) w as te s te d fo r c a n c er-p ro d u cin g a c tiv ity . T he h igher m em b ers o f th e series show ed p ro g ressiv e d im in u tio n o f carcinogenic pow er u p o n th e skin, a n d th o se h a v in g m o re th a n th re e c a rb o n a to m s in th e side ch a in d id n o t p ro d u ce sarcom a. T ests u p o n several 1 0 -su b stitu te d b e n z a n th ra c e n e s are reco rd ed . T he re su lts given b y several new d e riv a tiv e s o f 3 : 4 -b e n z p h e n a n th re n e confirm earlier findings in show ing (1) th a t su b s titu tio n in p o sitio n 2, a n d to a less degree in p o sitio n 1, p ro m o te s carcinogenic actio n , a n d (2) t h a t m o st o f th e se c o m p o u n d s a re deficient in sa rco m a-p ro d u cin g pow er. 1 : 2 : 3 : 4-T etram e th y lp h e n a n th re n e , w h ich h a s a w eak b u t q u ite d is tin c t p ro p e rty o f p ro d u cin g tu m o u rs of th e skin, is one o f th e sim p lest carcinogenic co m p o u n d s k n o w n . I n its m o lecu lar stru c tu re it form s a co n n ectin g lin k b e tw e e n th e carcinogenic h y d ro c a rb o n s o f th e 1 :2 -b en zan th racen e a n d 3 : 4 -b en z p h e n a n th re n e g ro u p s, a n d is also re la te d to 1 : 2 -d im eth y lch ry sen e w hich is one o f th e tw o hom ologues o f ch ry sen e k n o w n to be carcinogenic. 3 : 4 : 5 : 6-D ibenzfluorene differs from th e 1 :2 :3 :4 -, 1 :2 :5 :6 -a n d 1 :2 :7 : 8 -com pounds in show ing no a c tio n u p o n th e skin.
F u r th e r te s ts w ere m a d e o f th e carcinogenic p o w er o f 1 : 2 : 5 : 6 -d ibenzcarbazole in view of its considerable g ro w th -in h ib ito ry pow er. T he re la tio n b etw e e n tw o a z o n a p h th a le n e s a n d th e d iam in o d in a p h th y ls a n d d ib en zc arb azo les w hich m a y be o b ta in e d from th e m is discussed in re g a rd to th e p ro d u c tio n o f tu m o u rs o f th e liver. Som e d a ta are g iven o f th e occurrence of m u ltip le a n d rem o te tu m o u rs, especially in m ice receiv in g c e rta in classes o f com pounds ( 2 : 3 : 4 -su b stitu te d p h e n a n th re n e s, 1 : 2 : 5 : 6 -d ib en zcarb azo le a n d 1: 2:5: 6-dibenzacridine).
The usual technique employed in this institute for a number of years in testing pure compounds for cancer-producing activity consisted in repeated application of dilute solutions (usually 0-3 % in benzene) of the substance to the skin of mice. In recent years this procedure has been increasingly supplemented by subcu taneous injection of the compound, dissolved or suspended in a suitable medium. The more active carcinogenic compounds usually show similar orders of potency when assayed by both methods, but the advantage of using both techniques for the detection of activity in some of the less potent compounds was apparent from the results described in the last publication in this series (Badger, Cook, Hewett, Kennaway, Kennaway, M artin & Robinson 1940) . That communication gave data for a considerable number of compounds, mostly derived from 1 :2-benzanthracene, 3 :4-benzphenanthrene, acridine and fluorene. In some cases addition to the food was used as a third mode of administration. Preliminary reports were given of tests still in progress, and the final results are now recorded, together with those obtained with some related compounds. For the most part the results are sum marized in the tables; the discussion which follows is concerned only with some of the more noteworthy features of the results.
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Tests for carcinogenic action on the skin of mice have again been carried out by repeated application of solutions in benzene (usually 0*3 %). In the tests for sarcoma-producing power sesame oil, used as a vehicle in the earlier experiments, is being replaced by glycerol, following the practice of Shear et al. (1940 Shear et al. ( , 1941a . Shear, L eiter & P e rra u lt (19416) o b tain ed neg ativ e results by th e injection sub cutem of deoxycholic acid in glycerol, an d in dilute N aO H , an d draw a tte n tio n to th e c o n tra st p resented by the positive results of injections of th is com pound in sesam e oil, rep o rted from th is I n stitu te by Cook, K en n aw ay & K en n aw ay (1940) in a p relim in ary publication. These positive results, w hen com pleted, were as follow s:
(1) te n stock m ice, of w hich five lived for m ore th a n 6 m o n th s, gave spindle-celled tu m o u rs in four mice betw een th e 351st a n d 421st d a y s;
(2) spindle-celled tu m o u rs were o b tain ed in seven o u t of te n C3H m ice in 208 d ay s; one of these mice developed a spindle-celled tu m o u r in 155 d ays, a fte r receiving a to ta l of 28 m g. deoxycholic acid in th e course of six injections.*
In com m enting on these ex perim ents, Shear et al. (1941 6) say, 'In view of th e physiological im portance of th is bile-acid, it is im p o rta n t to asc e rta in to w h a t e x te n t th e sesam e oil co n trib u te d to th e p o te n c y . . . '; a n d ag ain '. . .a lth o u g h sesam e oil m ay be of use as a co-car cinogen . . . it is difficult to in te rp re t th e resu lts of te sts of com pounds w hen sesam e oil is used as th e vehicle '. I f one is to accep t th is suggestion, t h a t th e in d u ctio n of sarcom as in seven o u t of te n mice in 208 days is due to th e carcinogenic or co-carcinogenic actio n of sesam e oil, one m ust find certain o th er resu lts also difficult to in te rp re t, nam ely, (i) G ardner (1939) , whose w ork is q u o ted as th e basis of objection to sesam e oil, o btained only one sarcom a in seventy-seven m ice receiving w eekly injections of sesam e oil (0-05 c.c.) ' alone or containing cholesterol or cholesterol b enzoate ';
(ii) in this In s titu te , we h av e te ste d tw en ty -six com pounds in sesam e oil upon, in all, 290 mice (280 stock,, te n C3H ), w ith o u t th e p ro d u ctio n of a single sarcom a. I n su p p o rt of their suggestion th a t positive resu lts w ith deoxycholic acid m a y be due to sesam e oil used as a vehicle, Shear et a l . (19416) quo te tw o sta te m e n ts in th e lite ra tu re , nam ely, (а) A lessandri (1935) gave deoxycholic acid 'orally a n d b y su bcutaneous injection to m ice for periods up to 100 days w ith n egative re s u lts '; (б) Loeffler (1928) o b tain ed n eg ativ e resu lts 'on oral ad m in istratio n o f deoxycholic acid and cholesterol to m ice a n d ra b b its for periods u p to 130 d a y s '. E x p erim en ts of such sh o rt d u ration are of course q u ite inconclusive from th e p re se n t p o in t of view, an d oral a d m in istra tion, w hether to ra b b its or to a n y o th e r species, is irrelev an t. Shear et al. (19416) say th a t sesame oil "is open to m ore serious objection th a n filtered la r d ', b u t th e y ap p ear to overlook th e fact, discovered here (B urrow s, H ieger & K en n aw ay 1932, 1936) , th a t lard alone m ay produce tum o u rs in ra ts, and, m uch less freq u en tly , in m ice. A t p resen t we h ave n o t ad eq u ate d a ta for a com parison of lard an d sesam e oil in th is respect.
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Co m p o u n d s d e r i v e d f r o m 1: 2 -b e n z a n t h r a c e n e (t a b l e 1)
The carcinogenic activities of polycyclic hydrocarbons of the 1 :2-benzanthracene group show a large measure of correlation with their growth-inhibitory activities. In view of the finding of Haddow & Robinson (1939) th a t 2': 6-dimethyl-1:2-benzanthracene caused distinct inhibition of tum our growth, new tests for car cinogenic activity have been carried out with this hydrocarbon, although an * L a w (1941) in je c te d s o d iu m d e o x y c h o la te (? in w h a t m e d iu m ) in to s t r a i n A m ic e a n d o b ta in e d (1) a fib ro s a r c o m a in o n e o f tw e n t y m ic e in 6 m o n th s , a n d (2) a n in c r e a s e in t h e in c id e n c e o f a d e n o m a s o f th e lu n g a n d in th e n u m b e r o f a d e n o m a s p e r lu n g . earlier experiment of 674 days' duration had not yielded skin tumours (Barry Cook, Haslewood, Hewett, Hieger & Kennaway 1935) . The new tests have like wise given negative results. The small number of mice available at the time for subcutaneous injection and the short duration of the experiment makes this negative result inconclusive.
Exam ination of a series of 5-alkyl derivatives of 1 :2-benzanthracene, which has now been completed, has already shown how carcinogenic properties persist in this series of hydrocarbons. The production of tumours with compounds in which the substituent at position 5 was methyl, ethyl, propyl, isopropyl, butyl, amyl and hexyl has been recorded. The higher members showed progressive diminution of carcinogenic potency and also of growth inhibitory activity (Badger, Elson, Haddow, H ewett & Robinson 1942; see table 1 and figure 1). The w-heptyl com pound, which has already been reported as giving no tumours of connective tissue, has now shown slight activity in relation to the skin (one epithelioma in twenty mice), in an experiment in which the mice lived long. I t is of interest th at Shear & Leiter (1940) found the 10-methyl and 10-ethyl derivatives of 1 :2-benzanthra cene to be potent agents in the production of sarcomas, but obtained negative results with the higher 10-alkyl derivatives (propyl, butyl and amyl compounds). These workers also found feeble activity in 10-amino-1 :2-benzanthracene (two sarcomas in sixty mice). We obtained one sarcoma, and one doubtful papilloma, with 5-am ino-l: 2-benzanthracene.*
In regard to the other compounds mentioned in table 1 it may be noted th at 10-cyano-l: 2-benzanthracene has given skin tum ours in two out of twenty mice, in addition to the sarcomas (four in ten mice in 333 days) previously reported; higher activity on the skin was shown by 10-/?-hydroxyethyl-l: 2-benzanthracene which also had given sarcomas previously; 9 : 10-bishydroxymethyl-1 ^-benzan thracene, which had given sarcomas, was found inactive when applied to the skin, but the low solubility of this compound in benzene m ust be taken into account. The compound described as 10-acetyl-1 :2-benzanthracene, which gave no skin tumours in an experiment of long duration (797 days), was the acetylbenzanthracene of Cook & H ewett (1933) . The position assigned to the substituent has not been rigorously established, but there is little doubt of its correctness. Shear & Leiter (1940) obtained no induced tumours by their technique with 10-cyano-l : 2-benzanthracene or with 10-a-hydroxym ethyl-l: 2-benzanthracene. The latter differs from the compound tested by us in the position in the side chain * A description of 5 -a m in o -l: 2-benzanthracene has n o t h ith e rto been published. The amine was p rep ared in th is In s titu te b y Mrs A. M. R obinson from th e oxime of 5 -k eto-5:6:7:8-te tra h y d ro -1 :2 -benzanthracene, using th e procedure w hereby Schroeter (1930) transform ed a -tetra lo n e oxim e in to a -n ap h th y lam in e. occupied by the hydroxyl group. The American workers found 10-formyl-1:2-benzanthracene (1:2-benzanthracene-10-aldehyde) to be active, but rather slow, in the production of sarcomas.
The production of cancer by pure hydrocarbons 173 C o m p o u n d s r e l a t e d t o 3 : 4 -b e n z p h e n a n t h r e n e (t a b l e 2)
The results previously reported with this group of compounds revealed the pronounced influence of substituents a t position 2 and (less powerfully) position 1 in promoting carcinogenic activity towards the skin of mice. The influence of groups in these positions has been further elucidated by the experiments summar ized in table 2. 2-w-Propyl-3 :4-benzphenanthrene, like the 2-methyl, 2-ethyl, and 2-isopropyl compounds, readily evoked skin tum ours; 1 -isopropyl-3 :4-benz phenanthrene was inactive in a test of moderately long duration with 10 C3H mice, although the 1-methyl compound had given epitheliomas in plenty. As in the 1:2-benzanthracene series, introduction of oxygen into the molecule is not necessarily attended by loss of activity. 2-Acetyl-3 :4-benzphenanthrene readily gave skin tumours, and also a sarcoma; and one sarcoma, but no tumours of the skin, were obtained a t the sites of application of 2-formyl-3 :4-benzphenanthrene (3 :4-benzphenanthraldehyde).
A notable feature of this series of compounds has been the marked superiority of the skin-painting technique over subcutaneous injection for the production of tumours. I t would be of interest to determine the persistence of these compounds at the site of injection in comparison with the behaviour of the active compounds of the benzanthracene series, m any of which are known to persist in the sub cutaneous tissues for a long time. In our experiments six compounds (3 :4-benz phenanthrene and its 1-methyl, 2-w,-propyl-, 2-isopropyl-, 7-methyl-, and 8-methylderivatives) which readily yielded skin tumours have failed to give any tumours in mice at the site of injection. Shear & Leiter (1941a) have recently reported failure to induce sarcomas in mice with 3 :4-benzphenanthrene and five related com pounds, four of which were derivatives containing substituents in position 2 (three compounds) or 1 (one compound). Sarcomas were obtained, however, by subcutaneous injection of 2-methyl and 6-methyl-3 :4-benzphenanthrene (Badger et al. 1940) ; the activity of the former compound is confirmed by Andervont & Shimkin (1940) .
Consideration of the molecular structures of the potent carcinogenic hydro carbons of the 3 :4-benzphenanthrene and 1:2-benzanthracene series led to the synthesis for purposes of test of 1 :2-dimethylchrysene and 1 :2 : 3 :4-tetramethylphenanthrene (Hewett 1940; Hewett & M artin 1940) . The production of epithe liomas (six in tw enty mice) with 1 :2-dimethylchrysene has been reported in our earlier communication. Like many of the 3 :4-benzphenanthrene homologues named above this proved inactive in sarcoma production. I t gave no tumours when administered with the food. 1 :2 : 3 :4-Tetramethylphenanthrene, which likewise produced no sarcomas, has been found to have feeble but definite carcino-D e r iv a t iv e s o f 1: 2-b e n z a n t h r a c e n e 174 G. M. Badger and others The production of skin tumours with 1:2:3:4-, 1:2:5 :6-and 1 :2 :7 :8-dibenzfluorenes has been recorded previously, but none of these gave sarcomas. 3 :4 :5 :6-Dibenzfluorene has now been tested and gave neither skin tumours nor subcu taneous tumours. Negative results were likewise obtained with 1:2-benzfluorene and 1 :2 :5 : 6-dibenzfluorenone.
Somewhat similar in structure to the dibenzfluorenes are the dibenzcarbazoles. The 3 :4 :5 :6-, 1:2:5 :6-and 1 :2 : 7 : 8-dibenzcarbazoles were shown to have car cinogenic properties by Boyland & Brues (1937) . In view of the considerable growth-inhibitory power of the 1 :2 :5 :6-compound, this substance has been further examined in respect of its carcinogenic action (table 3) . This carbazole might arise in vivo by chemical transformation of 1:2'-azonaphthalene by reactions which have, in fact, been effected in vitro. Reduction of 1:2'-azonaphthalene, which is strongly inhibitory to tumour growth (Badger et al. 1942) , gave, by rearrangement of an intermediate, a diaminodinaphthyl which is probably represented by the structure shown (Cook, Hewett, Kennaway & Kennaway 1940) . Deamination of this diamine to 1:2:5 : 6-dibenzcarbazole is effected by prolonged boiling with hydrochloric acid (F. L. Warren, unpublished experim ent): The small tendency of 1 :2 :5 :6-dibenzcarbazole to produce tumours of the liver (some cholangiomatous tissue in one of th irty mice receiving this compound in various ways) is consistent with the view ) th a t the production of liver tumours by 2 :2'-azonaphthalene and 2 :2'-diam ino-l: 1'-dinaphthyl is a result of their transformation into the biologically active 3 :4 :5 :6-dibenzcarbazole. 1:2'-Azonaphthalene and the diamine derived from it, which have little action on the liver, may well undergo similar transform ation into 1 :2 :5 :6-dibenzcarbazole, but in this case the carbazole appears to be almost without carcinogenic action on liver tissue. I t will be noted th a t 1 :2'-diam in o -l': 2-dinaphthyl, like the isomeric diamine, has not yielded tumours a t the site of application. The remaining compounds mentioned in table 3 have not given tumours a t the site of application. The two colouring m atters were tested as they are oil-soluble dyes which are included in the list of perm itted colours for food in the United States. Experiments on rats with these colours are not yet complete.
M u l t i p l e a n d r e m o t e t u m o u r s
In the preceding paper of this series, attention was drawn to the need for the study of multiple and remote induced tumours in pure lines of mice in which the spontaneous incidence of tumours of the same organs is known. An attem pt was made here to put this proposal into practice by substituting the C3H strain for the stock mice used hitherto, but the C3H mice were found to tolerate experimental treatm ent badly, and after the first year were much reduced in numbers. Hence we are now resuming the use of stock mice, and the results recorded here present a mixture, which is undesirable but unavoidable, of the reactions of the two kinds of mice.
Adenoma of the lung
The C3H mice show fewer adenomas of the lung than do the stock, and this difference does not seem to be explained wholly by the longer life of the latter. Thus this form of tumour was found in thirty out of 255 stock, and in two of 191 C3H ; large or multiple adenomas appeared in eighteen of the stock, and in none of the C3H mice. I t is perhaps significant th a t the two adenomas of the lung found in C3H mice occurred in those receiving injections of 1-isopropyl-and 2-aeetyl-3:4-benzphenanthrene, i.e. compounds of a class which appears to be especially active in the induction of remote tumours (Badger 1940, see table 7) . A prim ary epithelioma of the lung occurred in a C3H mouse receiving 1:2:5:6-dibenzcarbazole sub cutem. In view of the divergent behaviour of the lung in these two strains, and of the smaller numbers, it is not possible to make a detailed comparison, such as was given in the earlier paper (table 7) , of the occurrence of adenomas of the lung under the influence of all the compounds tested. However, table 4 shows the comparisons which can be made if the stock mice alone are considered. This result agrees with those obtained previously in indicating th a t the benz* anthracene compounds are not so effectual in producing these tumours remote from the site of application as are the phenanthrenes and some other carcinogens. One of the simplest carcinogenic compounds known, 1 :2 :3 :4-tetramethylphenanthrene, appears to be active in this respect (see table 2 ). The apparent production of numerous adenomas of the lung can occur in the absence of any tumours at the site of injection (see 1 :2'-diam ino-T: 2-dinaphthyl, table 3).
Other tumours
In the column of the accompanying tables, headed 'other tum ours', are given some instances of possible remote action of carcinogenic compounds. Thus a mouse receiving 2-w-propyl-3 :4-benzphenanthrene sub cutem showed carcinoma of the upper end of both ureters, a papilloma of the stomach, and a large and a small adenoma of the lung, and other mice receiving the same compound showed various sebaceous adenomas, adenomas of the lung, and innocent and malignant tumours of the stomach. These observations accord with those made upon mice receiving the closely allied compounds 2-methyl-3 :4-benzphenanthrene and 1:2:3:4-dibenzphenanthrene (Badger et al. 1940, table 3 and p. 460) . Similarly, mice receiving 1 :2 :5 : 6-dibenzcarbazole showed various tumours both of the skin, lung and stomach, and a t the site of application (table 3) , and in this respect resembled closely mice treated with the analogous compdund 1 :2 :5 : 6-dibenzacridine (Badger et al. 1940, p. 459) . These multiple tumours cannot be ascribed with certainty to the action of the compounds given until the spontaneous incidence of such tumours is known, but it is suggestive th a t all the most striking cases of multiplicity have occurred under the influence of certain classes of compounds (2 :3 :4-substituted phenanthrenes, 1 :2 :5 :6-dibenzcarbazole and 1 :2 :5 :6-dibenzacridine). The present paper completes the reports of tests carried out during more than a decade on several hundreds of new compounds belonging to a limited number of groups of chemical compounds. These were mostly polycyclic hydrocarbons and their derivatives, the m ajority of them related to 1 :2-benzanthracene. A recent publication of Shear & Leiter (1941a) is stated to 'bring to a close the investigation of the carcinogenic potency of groups of polycyclic compounds related more or less closely to 1 :2-benzanthracene', carried out since 1934 under the auspices of the United States Public H ealth Service.
There has been an appreciable overlap in the compounds tested here and by Shear and his collaborators. Most of the compounds used by us have been syn thesized here, and those used by Shear were mostly synthesized by Fieser and his school at Harvard. Thus, where the same compound was tested in both laboratories different specimens were used, often prepared by completely different synthetic methods. The mouse has been used as the test animal, but whereas we have gene rally used stock mice Shear's tests have been almost wholly carried out with mice of pure strains, and there have been considerable divergencies in technique in the two laboratories. In view of these circumstances the fact th a t there is almost complete agreement as to the activities and potencies of compounds which have been tested in both laboratories is very satisfactory.
In their final paper Shear & Leiter (1941 a) discuss in a general way their findings, and it is unnecessary to add to their conclusions, with which we are in substantial agreement. In particular, we would emphasize the following:
(1) The compounds have, for the most part, been tested only on mice, and it may well be th a t a completely different order of activities would have been found in other species. Nevertheless, some of the more potent compounds have been tested in other species, with positive results.
(2) Different tissues of the same animal show a different response. This is clearly brought out by our rather extensive recent series of tests in which the same com pounds have been applied to the skin and the subcutaneous tissues of mice.
(3) 'The fact th a t compounds of types other than the polycyclic compounds (e.g. p-dimethylaminoazobenzene) are also capable of inducing tumours does not detract from the specificity existing among compounds of the latter category.' The large number of compounds which have been selected for synthesis from a consideration of the structural features of known carcinogenic compounds, and found to be active, abundantly supports this view.
Shear & Leiter express disappointment th a t this line of inquiry has not shed light on the genesis of spontaneous tumours. In spite of this, the chemical car cinogenic compounds have provided means which are being very extensively used for the study of the production, development and behaviour of tumours. I t is undoubtedly the case th a t the induced tumours show a very close correspondence in behaviour and character with spontaneous human tumours, and although a study of chemical cancer-producing compounds has not disclosed substances which initiate human cancer (other than occupational) nothing has come to light to indicate th a t spontaneous cancer in man could not be the result of the influence of chemical compounds. I t in no way follows, of course, th a t such chemical com pounds must be of the same type as the polycyclic hydrocarbons with which we have been concerned. The carcinogenic action towards domestic rabbits of the Shope papilloma virus-protein indicates th a t carcinogenic properties may be found in compounds of completely different chemical types. The results obtained to date fully justify a continuation of the search in tissues for some substance which may be concerned in the initiation of malignant tumours which occur spontaneously. This investigation has been supported by generous grants, for which we express our thanks, from the following bodies: the British Empire Cancer Campaign, the Sir Halley Stewart Trust, the International Cancer Research Foundation, the Anna Fuller Fund, and the Finney-Howell Research Foundation. We are also indebted to Dr E. de Barry B arnett for a gift of 2 :3 :6 :7-tetramethylanthracene, to Dr S. H. Tucker and D r J . Forrest for the fluoranthene derivatives (table 3) , and to Imperial Chemical Industries, Ltd. for samples of 1:2:5 :6-dibenzfluorenone and 1 :2 :5 :6-dibenzcarbazole.
